Female broiler chicks were randomly placed into two groups; one was treated twice daily with TDP-1 (a mycotoxin produced by Fusarium roseurn), the other was controls. Chicks were sacrificed after 2, 4, 6,8, 10, and 14 days of treatment and were evaluated for tibial dyschondroplasia. TDP-1 -treated chicks examined after 2,4, or 6 days of treatment had either no gross lesions (2 days) or mild gross lesions (4 and 6 days); growth plates from these groups did not have ultrastructural changes. TDP-1-treated chicks examined after 8, 10, or 12 days of treatment had moderate to severe gross lesions of tibial dyschondroplasia. These groups also had intracellular lipid accumulation and necrosis of chondrocytes within the retained cartilage. It was concluded that the cellular changes in tibial dyschondroplasia develop only after the cartilage accumulates; the changes are sequelae, possibly due to nutrient depletion from an increased distance between chondrocytes and perforating epiphyseal vessels, their nutrient source.
Tibial dyschondroplasia is a common spontaneous lesion in broiler chickens and turkeys. 13-15,23,24 The cause is unknown, but a number of intrinsic and extrinsic factors may be involved. Tibial dyschondroplasia has been experimentally produced by several methods, and high incidence strains of broilers have been developed via selective breeding.9,10,12,14,16, '7 In 1980, Walser and co-workers first described Fusariurn-induced tibial dyschondroplasia.21 In this model, female broilers developed tibial dyschondroplasia when fed a standard ration that contained 2 to 5% Fusarium roseurn "Graminearum"-contaminated grain.21,22 Grossly and at the light microscopic level, this lesion was identical to that described in spontaneous tibial dyschondroplasia or tibial dyschondroplasia caused by other experimental methods. The toxic principle produced by Fusarium roseurn "Graminearum" that causes tibial dyschondroplasia, has been isolated, characterized, and named TDP-1 . I1 Several theories have been offered for the primary abnormality and pathogenesis for tibial dyschondroplasia. [12] [13] [14] [15] [16] [17] 22 These included abnormalities of the chondrocytes, matrix, and the metaphyseal vascular resorption front. Problems have arisen in studying these various components of affected growth plates because in advanced lesions these components are abnormal, and it is impossible to determine their sequence of development. The Fusarium model affords the opportunity to study this sequence.
Siller briefly commented on the ultrastructure of spontaneous tibial dyschondroplasia.Is Recently, the ultrastructure of tibial dyschondroplasia in 25-day-old Hubbard x Hubbard chicks was r e p~r t e d .~
In both studies advanced lesions were examined. In the present study, we report the sequential ultrastructural changes of tibial dyschondroplasia in broiler chicks treated with TDP-1.
Materials and Methods
Thirty-six, 1 -day-old female broiler chickens were obtained from Jack Frost Hatcheries, St. Cloud, Minnesota. They were randomly separated into two groups, housed in wire-floored brooder-grower units, and maintained on identical grower rations with water ad libitum. At 1 week of age an aqueous solution of TDP-1 (3 to 5 mglml) was administered twice daily via crop gavage to one group; treatment was continued for 14 days. Chickens that were treated for the 14 day duration received a total dose of 60 to 100 mg of TDP-1. Three chickens from the control group and three chickens from the TDP-1-treated group were killed after 2, 4, 6, 8, 10 , and 14 days of treatment.
Chicks were sacrificed by cervical disarticulation, and the proximal tibiotarsal growth plates were harvested. The proximal end of each tibiotarsus was stripped of muscle, removed with poultry shears, and immersed in 2% glutaraldehyde which contained 0.1% ruthenium red in 0.1 M cacodylate buffer, pH 7.3.2 The proximal end of each tibiotarsus was then sectioned longitudinally with a razor blade, and the growth plate was exposed. Gross lesions were graded based on the longitudinal thickness of the retained cartilage (no gross lesions < 0.5 mm; mild = 0.5 to 3 mm; moderate = 3 to 6 mm; severe > 6 mm). Epiphysis, metaphysis, and cortical bone were removed with a razor blade. The growth plate was then sectioned into 1 x 1 x 3 to 5 mm blocks with the longest dimension of the block corresponding to the longitudinal axis of the bone. Specimen blocks were maintained at this size to preserve orientation of the growth plate throughout processing. Specimen blocks were fixed for 2 to 3 hours at room temperature and were then post-fixed at room temperature for 2 hours in 1% O,O, + 0.05% ruthenium red in 0.1 M cacodylate buffer, pH 7.3.2
After post-fixation, all tissues were rinsed in 0.1 M cacodylate buffer, pH 7.3, and dehydrated in graded concentrations of acetone. Tissue was then embedded in a mixture of Epon 8 12 and araldyte, sectioned, mounted on copper grids, stained with uranyl acetate and lead citrate, and examined in a Zeiss Model 9 transmission electron microscope. In order to examine normal growth plates and growth plates from treated chicks with lesions, tissues from two controls and two TDP-1 -treated chicks were examined from all sample groups.
Results
None of the controls had lesions of the growth plate. Chickens treated with TDP-1 for 2, 4, or 6 days either had no gross lesions (2 days) or had mild lesions (4 and 6 days). Chicks treated for 8, 10, or 14 days generally had moderate to severe lesions. In general, the magnitude of the lesion increased with the duration of treatment.
Ultrastructure of growth plates from control chicks was similar in all ages examined. Growth plate was composed of four zones: proliferative, prehypertro-phic, hypertrophic, and mineralizing (distal hypertrophic zone). The proliferative zone was composed of a fairly uniform population of flattened cells aligned in columns ( Fig. 1 ). These cells had processes extending into the adjacent matrix that gave rise to small, variably-shaped, membrane-bound vesicles consistent with matrix Proliferative zone chondrocytes had a round, eccentric nucleus with evenly dispersed euchromatin and one or two nucleoli. Several Golgi stacks were located in the perinuclear cytoplasm and were associated with three to six large membrane-bound vesicles that contained a moderately electron-dense flocculent core, and a peripheral submembranous lucent zone (Fig. 2 ). Abundant rough endoplasmic reticulum filled much of the cell body. There were numerous focal dilatations of the rough endoplasmic reticulum containing a homogeneous electron-dense material. Numerous small vesicles were scattered throughout the cytoplasm; some were fused with the plasma membrane. Each cell contained a moderate number of mitochondria (3 to 6 profiles/cell). Proliferative chondrocytes were surrounded by a narrow rim of pericellular matrix composed of small matrix granules associated with fine filaments arranged in a random pattern (Fig. 3) . The interstitial matrix contained a lacey array of fine filaments interwoven with larger filaments (presumably collagen) which were generally parallel to the plasma membranes of the chondrocyte. There were numerous round to reniform matrix vesicles scattered throughout the longitudinal septa; some matrix vesicles had an electron-dense core and others were more lucent ( Fig. 4 ). There was an abrupt transition from flattened cells in the proliferative zone, to oval cells in the prehypertrophic zone. Chondrocytes in this zone were not aligned in columns. These cells had processes that extended into the pericellular matrix ( Fig. 5) . Each cell had a round, eccentric nucleus containing moderately coarse chromatin and often a nucleolus. The cytoplasm was lucent and contained few organelles. The rough endoplasmic reticulum was dilated and contained homogeneous electron-dense material. There were Golgi stacks in the central perinuclear area which had three to six associated vesicles. The pericellular matrix was defined and contained electron-dense matrix granules and filaments collapsed into trabeculae (Fig. 6 ). The interstitial matrix resembled the matrix of the proliferative zone and contained matrix vesicles (Fig. 7 ). There were a few random chondrocytes that were crenated.
Transition between prehypertrophic and hypertrophic zones was not distinct. Chondrocytes in the hypertrophic zone were characterized by changes that were a continuance of changes begun in the prehypertrophic zone. Hypertrophic chondrocytes were slightly larger and rounder than prehypertrophic chondrocytes (Fig. 8) . They had irregular nuclear contours, coarsely clumped chromatin, and often lacked nucleoli. The cytoplasm of hypertrophic chondrocytes was lucent and contained only a few strands of rough endoplasmic reticulum and one to three mitochondral profiles. In addition, some chondrocytes, especially in the distal aspects of the hypertrophic zone, had large autophagic vacuoles which contained rough endoplasmic reticulum, mitochondria, and moderately electron-dense homogeneous material (Fig. 9 ). There were some cells throughout the hypertrophic zone that were crenated, had focally disrupted plasma membranes, and pyknotic or karyorrhectic nuclei. These cells were judged to be necrotic and were located within lacunae that were otherwise empty. The pericellular matrix was similar to that in the prehypertrophic zone. The longitudinal septa contained matrix vesicles which were surrounded by aggregates of lacey mineral crystals in the distal aspect of the hypertrophic zone.
The mineralization front lagged behind the furthest penetrations of the metaphyseal vascular sprouts, and mineral deposits were usually absent from the matrix adjacent to the vascular channel tips. Mineral depo- Fig. 8 . Twenty-one-day-old control chick hypertrophic chondrocyte. Note increased lucency of cytoplasm. Bar = 1 Fm. Fig. 9 . Twenty-one-day-old control chick hypertrophic chondrocyte. Note large autophagic vacuole which contains Fig. 11 . Higher magnification of mineral aggregates in Fig. 10.  Fig. 12 . Twenty-one-day-old chick, 14 days of treatment. Necrotic chondrocyte from the center of retained cartilage. rough endoplasmic reticulum (RER) and mitochondrion. Bar = 1 pm.
pm.
Note lipid vacuole and expansion of pericellular matrix which fills lacuna. Bar = 1 pm. sition was first evident as lacey aggregates of electrondense, needle-like crystals usually centered around one or more matrix vesicles within the longitudinal septa (Figs. 10, 11) . Distally, these aggregates coalesced into trabeculae with indistinct boundaries.
Chickens treated with TDP-1 for 2 days did not develop gross or ultrastructural changes in the growth plates. Chicks treated for 4 or 6 days generally had mild gross lesions but had no appreciable ultrastructural changes. Chicks treated for 8, 10, or 14 days had moderate to marked gross lesions typical of tibial dyschondroplasia. Growth plates from chicks treated with TDP-1 for 8, 10, and 14 days had several consistent ultrastructural changes.
Proliferative and prehypertrophic zones did not differ appreciably from age-matched controls. The, prehypertrophic zone blended imperceptably into th cartilage which grossly comprised the bulk of the ret ined cartilage zone. In the retained cartilage, the numb 1 r of necrotic chondrocytes progressively increased from proximal to distal. Also, the number of necrotic chondrocytes increased directly with the magnitude of the retained cartilage cone. Older chicks generally had larger retained cartilage cones and, hence, a greater number of necrotic chondrocytes.
Most chondrocytes in the distal aspect ofthe retained cartilage were necrotic in the most severe lesions. Necrotic chondrocytes typically had condensed cell bodies containing one or two lipid vacuoles and a pyknotic nucleus (Fig. 12 ). Lacunar space around the necrotic chondrocytes was usually filled with homogeneous to flocculent electron-dense material.
In addition to necrotic cells, there were cells containing one to several large lipid vacuoles (Fig. 13 ). This occurred in the growth plates with more severe lesions and roughly paralleled the development of necrotic cells. Also, in advanced lesions, fewer chondrocytes contained autophagic vacuoles compared to controls or mild lesions. The cartilage matrix in the interstitial septa did not differ from age-matched controls. Matrix vesicles were similar to those in controls in number, location, and morphology. The mineral aggregates in the distal aspect of severely affected growth plates had sharp boundaries and were coalesced into thick trabeculae which surrounded some chondrocytes (Figs. 14, 15 ).
In advanced lesions in the proximal tibial growth plates there were increasing numbers of chondrocytes which were necrotic or contained lipid vacuoles. These changes were not evident in growth plates from TDP-1 -treated chicks which lacked gross lesions or had only mild gross lesions (2, 4, or 6 days of treatment).
Discussion
The ultrastructural changes present in the 8, 10, and 14 day TDP-1 -treated chicks were generally similar to The presence of autophagic vacuoles is one difference between the present study and spontaneous tibial dysch~ndroplasia.~ In the present study, autophagic vacuoles were common in hypertrophic chondrocytes in control growth plates, but were less frequent in chondrocytes from affected growth plates. In contrast, autophagic vacuoles in spontaneous tibial dyschondroplasia were limited to chondrocytes in affected growth plates and absent in control^.^ Homogeneous to flocculent electron-dense material within lacunae surrounding many necrotic cells was present. This apparently represents an expansion of the pericellular matrix, but how this occurs remains unclear. This study demonstrates that in Fusariuminduced tibial dyschondroplasia ultrastructural changes occur only in affected growth plates that have abundant retained cartilage and not in growth plates with small amounts of retained cartilage. This suggests that chondrocyte lipid accumulation and necrosis are not primary abnormalities which lead to cartilage retention, but rather they are secondary abnormalities associated with cartilage retention. This is consistent with a previous hypothesis that the changes in tibial dyschondroplasia are due to energy depletion brought about by an increased distance between chondrocytes in the hypertrophic zone and their nutrient source, the epi- physeal vessel^.^^^ If the accumulation of cartilage causes morphologic changes in chondrocytes by distancing them from their blood supply (rather than vice versa), attention must be directed to the cause of cartilage accumulation.
There is no evidence to suggest that there is an increased proliferation of chondrocytes or matrix; in fact, one study demonstrated that there is a decreased pro-duction of glycosaminoglycans in dyschondroplastic cartilage. I 2 Attention therefore should be focused on the resorptive mechanisms of endochondral ossification.
One possible mechanism for delayed resorption is an abnormality in the structural components of the matrix of dyschondroplastic cartilage which prevents it from being properly resorbed. The finding that the composition of the proteoglycans in dyschondroplastic cartilage is similar to that of control cartilage and renders this mechanism ~n l i k e l y .~J~ Another possible mechanism could involve decreased production of regulatory substances by chondrocytes in affected growth plate^.^ It is becoming clear that hypertrophic chondrocytes are not just dying cells passively awaiting destruction by the metaphyseal vascular invasion front, but instead, they have active roles in directing endochondral ossification and resorpt i~n . ' ,~~ Perhaps the chondrocytes in affected growth plates are not able to make the proper contribution to the cartilage resorption process. In a recent biochemical study it was found that dyschondroplastic cartilage from advanced lesions contained less protein and calmodulin and had a decreased ability to respond to serum sulfation factor when compared to normal growth plate ~artilage.~ However, since these changes were detected in cartilage from advanced lesions, they should not necessarily be considered primary.
It is also possible that the cells directly responsible for the resorption of the mineralized matrix are deficient or ineffective. Chondroclasts in chicks treated with TDP-1 have a slight decrease in acid phosphatase activity. This suggests that there may be a functional impairment in chondroclasts from chicks with Fusarium-induced tibial dyschondroplasia.8
Sorrel1 and Weiss have studied the cellular elements of the cartilage resorption interface in embryonic chick limbs and concluded that perivascular fibroblast-like cells were directly responsible for matrix resorption, perhaps under the direction of macrophages. 19s20
The precise mechanism of cartilage resorption during endochondral ossification has not yet been elucidated. We believe that Fusarium-induced tibial dyschondroplasia is a useful model in which to study this mechanism.
